Objective: There is a pressing need to elucidate the brain-behavior interactions underlying autism spectrum disorders (ASD) given the marked rise in ASD diagnosis over the past decade. Functional magnetic resonance imaging (fMRI) has begun to address this need, but few fMRI studies have evaluated age-related changes in ASD. Therefore, we conducted a developmental analysis of activation likelihood estimation (ALE) meta-analysis to compare child versus adult ASD fMRI studies. We hypothesized that children and adolescents with ASD (o18 years old) would rely less on prefrontal cortex structures than adults (Z18 years old). Method: PubMed and PsycInfo literature searches were conducted to identify task-dependent fMRI studies of children or adults with ASD. Then recent GingerALE software improvements were leveraged to perform direct comparisons of child (n ¼ 18) versus adult (n ¼ 24) studies. Results: ALE metaanalyses of social tasks showed that children and adolescents with ASD versus adults had significantly greater hyperactivation in the left post-central gyrus, and greater hypoactivation in the right hippocampus and right superior temporal gyrus. ALE meta-analyses of nonsocial tasks showed that children with ASD versus adults had significantly greater hyperactivation in the right insula and left cingulate gyrus, and hypoactivation in the right middle frontal gyrus. Conclusion: Our data suggest that the neural alterations associated with ASD are not static, occurring only in early childhood. Instead, children with ASD have altered neural activity compared to adults during both social and nonsocial tasks, especially in fronto-temporal structures. Longitudinal neuroimaging studies are required to examine these changes prospectively, as potential targets for brain-based treatments for ASD. J. Am. Acad. Child Adolesc. Psychiatry; 2013;52(3):279-289.
A utism spectrum disorders (ASD), including autistic disorder, Asperger's disorder, and pervasive developmental disorder not otherwise specified (PDD-NOS), are among the most common and impairing psychiatric conditions affecting children and adolescents today. In fact, the Centers for Disease Control just published 2008 data estimating the prevalence of ASD as 1 in 88 children-up 78% since 2002. 1 Thus, there is a pressing need to elucidate the brain-behavior interactions underlying ASD.
Functional magnetic resonance imaging (fMRI) studies have begun to use cognitive/emotional tasks to probe the neurobiology of the triad of symptoms characteristic of ASD-for example, impaired social interaction; qualitatively impaired communication; and restricted, repetitive, and stereotyped patterns of behavior. 2 Brain regions implicated in the pathophysiology of ASD include the prefrontal cortex (PFC), temporal cortex, and parietal cortex. 3 However, these fMRI studies have several inherent limitations. First, although ASD is the hallmark neurodevelopmental disorder, few studies have examined developmental changes by directly comparing fMRI neural alterations in children with ASD to adults with ASD. Second, fMRI studies' power and generalizability are somewhat limited, given their reliance on small samples of well-characterized individuals because of the inherent costs. They also have considerable inter-study and interresearch group variability in the design and administration of these tasks-even when used Supplemental material cited in this article is available online.
to study the same cognitive process, such as attention. These limitations could be addressed by large, multi-site studies using identical tasks, scanners, and enrollment procedures, with staff trained to high levels of reliability in ASD assessment and neuroimaging procedures. Yet, the costs of such studies are prohibitive.
Another approach would be to conduct a metaanalysis of ASD fMRI studies. A meta-analysis can leverage the power of large numbers of participants across studies to determine the convergence of brain regions implicated in a disorder with potentially reduced susceptibility to falsepositive rates than smaller studies, estimated by some to be as high as 10% to 20%. 4 Activation likelihood estimation (ALE) is one of several coordinate-based meta-analysis techniques used to conduct a meta-analysis using spatial coordinates and numbers of participants from published studies to model the voxelwise convergence in activation foci-that is, how likely that region was truly implicated in that illness or process [5] [6] [7] ALE allows comparison of results across different cognitive domains and tasks. 8, 9 Importantly, ALE has been used previously to study ASD participants, including a study by Di Martino et al. that bifurcated fMRI studies published before 2008 into social and nonsocial tasks in accordance with two main facets of ASD, and another, more recent study by Philip et al. that subdivided ASD fMRI studies into six different task types (motor, visual processing, executive processing, auditory/language, basic social skills, and complex cognition). 8, 10 However, neither study directly compared child to adult studies due to software limitations that prevented such direct comparisons and the limited number of child ASD fMRI studies at the time.
Recently, both limitations have been resolved. 7, [11] [12] [13] [14] Therefore, we conducted a developmentally oriented ALE meta-analysis directly comparing child to adult studies. Our primary analyses followed the approach of Di Martino et al. approach of dichotomizing studies into social (e.g., theory of mind, face processing, language) and nonsocial tasks (e.g., executive function, reward processing). Secondary analyses aggregated all studies to harness sample size and power. Based on prior work in ASD, we hypothesized that both child and adult ASD studies would implicate fronto-temporo-parietal networks. [15] [16] [17] [18] [19] [20] [21] However, based on longitudinal neuroimaging studies in typically developing control (TDC) participants, we predicted that children with ASD would demonstrate significantly less reliance on the PFC structures than adults with ASD. 22, 23 
METHOD
As in prior ALE studies, we conducted a literature search for both child (''child'', ''autism'', ''Asperger'', and ''fMRI'') and adult (''adult'', ''autism'', ''Asperger'', and ''fMRI'') populations published through December 2011, limited to English language publications in humans, initially using PubMed and then repeated via PsycInfo. 11, 13 Studies were included if they met the following criteria: were original reports of taskdependent fMRI experiments; included both ASD and TDC groups; reported data from either children (defined as mean age plus standard deviation o18 years old) or adults (defined as mean age minus standard deviation Z18 years old); and reported significant between-group differences in neural activation in stereotactic coordinates (Talairach or Montreal Neurological Institute [MNI] ). Following the approach of Di Martino et al., our primary ALE meta-analysis dichotomized studies into social and nonsocial tasks. 8 Studies were excluded if they met the following exclusion criteria: were review articles; reported nonfMRI neuroimaging data, such as functional connectivity or diffusion tensor imaging; included a mixture of children and adults; or failed to report either betweengroup differences or stereotactic coordinates.
GingerALE software (version 2.1) developed by the BrainMap Project was used to conduct the metaanalysis. Data not reported in Talairach space (i.e., MNI) was transformed using the icbm2Tal transformation. 11, 24, 25 Pairwise ALE meta-analyses used random effects methodology to evaluate data from child-only or adult-only studies. Finally, we conducted subtraction contrasts directly comparing child versus adult ASD data from pairwise analyses.
Pairwise ALE meta-analyses included the following comparisons: greater activation in children with ASD versus TDC children (ASD-child 4 TDC-child); greater activation in TDC children versus ASD children (TDCchild 4 ASD-child); greater activation in adults with ASD versus TDC adults (ASD-adult 4 TDC-adult); and greater activation in TDC adults versus ASD adults (TDC-adult 4 ASD-adult). These ALE meta-analyses used random-effects methodology, with ALE values determined by the sample size of each study.
Initial pairwise ALE meta-analyses involved GingerALE software computing the ALE values for each voxel in the brain, performing a test to determine the null distribution of the ALE statistic at each voxel. The current version also empirically determined the fullwidth half-maximum threshold using an algorithm to model the probability distribution reflective of the www.jaacap.org ''true'' location of a reported activation based on the spatial uncertainty associated with each experiment. 7 These p values were used to compute thresholds for the ALE map using Nichol's False Discovery Rate algorithm to control for multiple comparisons with 5,000 pvalue permutations and the same minimum cluster size of 200 mm 3 . 26 Finally, a cluster analysis was performed on the thresholded map, based on this minimum cluster size. Pairwise ALE analyses results were reported at p ¼ .05 whole-brain corrected. Talairach daemon (http: Talairach.org) was used for anatomical locations for significant clusters. 27 Subsequent subtraction-type contrasts were used to determine brain regions where children with ASD differed from adults with ASD. 12 This involved direct comparisons of the convergence of where children with ASD differed from TDC vs. the convergence of where adults with ASD differed from TDC. We tested the (Figure 1 and see Table S1 , available online).
Social Task Meta-Analyses ALE meta-analyses of child-only studies using social tasks (n ¼ 11) showed significantly greater activation in ASD-child versus TDC-child studies in the left pre-central gyrus (BA 6). In contrast, we found significantly greater activation in TDCchild versus ASD-child studies in regions including the right superior temporal gyrus, parahippocampal gyrus, and bilateral amygdala, plus the right fusiform gyrus.
ALE meta-analyses of adult-only studies using social tasks (n ¼ 16) showed significantly greater activation in ASD-adult versus TDC-adult studies in the left superior temporal gyrus (STG; BA 41). We found significantly greater activation in TDCadults versus ASD-adult studies in the left anterior cingulate gyrus and culmen.
Directly comparing child-only to adult-only social findings showed that the convergence of hyperactivation in ASD children was significantly greater than the convergence of hyperactivation in ASD adults (both versus TDC) in the left postcentral gyrus (including clusters in BA 3 and 2). The convergence of hypoactivation in ASD children was significantly greater than the convergence of hypoactivation in ASD adults (both versus TDC) in the right para-hippocampal gyrus/hippocampus and the right superior temporal gyrus (BA 22). There were no significant differences in the convergence of hyperactivation or hypoactivation where ASD-adults were greater than ASD-children (versus TDC) ( Table 1 and Figure 2 ).
Nonsocial Task Meta-Analyses ALE meta-analyses of child-only studies employing nonsocial tasks (N ¼ 7) showed significantly greater activation in ASD-child versus TDC-child studies in the insula bilaterally (BA 13) and the right middle frontal gyrus (BA 46). In contrast, we found significantly greater activation in TDCchild versus ASD-child studies in the right caudate and superior frontal gyrus.
ALE meta-analyses of adult-only studies using nonsocial tasks (N ¼ 8) demonstrated significantly greater activation in ASD-adult versus TDC-adult studies in the right medial frontal gyrus (BA 8) and inferior occipital gyrus (BA www.jaacap.org 19) , as well as the left middle frontal gyrus (BA 11) and anterior cingulate gyrus (BA 32). There were no areas where TDC-adults had significantly greater activation than ASD-adult studies.
Directly comparing child-only to adult-only nonsocial task findings, we observed that the convergence of hyperactivation in ASD children was significantly greater than the convergence of hyperactivation in ASD adults (both versus TDC) in regions including the right insula (BA 13), right middle frontal gyrus (BA 9 and 46), and left cingulate gyrus (BA 24). The convergence of hypoactivation in ASD children was significantly greater than the convergence of hypoactivation in ASD adults (both versus TDC) in the right middle frontal gyrus (BA 11 and 10). There were no significant in the convergence hyperactivation or hypoactivation where ASD-adults were greater than ASD-children (versus TDC) ( Table 2 and Figure 3 ).
DISCUSSION
Our ALE meta-analysis directly comparing child versus adult ASD fMRI studies is an important step in understanding age-related brain activity changes associated with ASD, the hallmark neurodevelopmental disorder. In particular, using ALE meta-analytic methods to leverage data from 535 child and 604 adult participants, our study demonstrated age-related alterations in fMRI neural activation on both social and nonsocial tasks. Thus, our study is important because it suggests that fMRI neural alterations associated with ASD are not static but, rather, change as children become adults. Longitudinal neuroimaging studies are required to confirm the developmental trajectories of the neural alterations associated with ASD as children become adolescents and, ultimately, adults.
Our data align with current models supporting the role for early cerebral overgrowth in the [28] [29] [30] Furthermore, structural MRI studies have shown that children less than 3 years of age with ASD have enlarged cerebral gray matter and white matter, but not enlarged cerebellums, compared to TDC. 31 These findings have been corroborated by Schumann et al.'s longitudinal structural MRI study of ASD, showing significant enlargement of cerebral gray (including frontal, temporal, parietal, and cingulate areas) and cerebral white matter, but no difference in occipital gray matter in 41 ASD and 44 TDC children serially scanned from ages 1.5 to 5 years. 32 Post mortem studies by Courchesne et al. align with these findings by showing that ASD children had greater total PFC neuron count and brain weight for age than TDC children 33 . In this context, our data are among the first to evaluate developmental alterations in neural functional activity occurring across the lifespan in patients with ASD by directly comparing children to adults. These data suggest that children with ASD have particularly altered functional neural activity compared to adults with ASD, given that children with ASD had significantly greater hyper-and hypoactivation than adults with ASD, whereas the converse was not true-that is, there were no regions where adults with ASD had significantly greater hyperor hypoactivation than children with ASDregardless of whether social or nonsocial tasks were used. How early can functional brain changes due to these structural alterations be detected? This remains unknown, although findings from our ALE meta-analyses suggest that they occur before the current minimum typical age for conducting fMRI (around age 7 years). Thus, our data suggest the field must push the lower age bounds of task-dependent fMRI, scanning younger and younger ASD and TDC children, as well as scanning them longitudinally.
Prior ALE meta-analyses of ASD neuroimaging data have implicated fronto-temporal-parietal neurocircuitry in ASD, although ours is perhaps the first to directly compare child versus adult studies. Specifically, the prior ALE meta-analysis by Di Martino et al. that aggregated 39 child and adult fMRI studies published until 2008 found that ASD participants had decreased neural activation compared to TDC participants in the right insula and peri-genual anterior cingulate cortex (ACC) for social tasks, and decreased neural activation in the dorsal ACC during nonsocial tasks. 8 Philip et al. evaluated data from 49 www.jaacap.org studies parsed into six different task domains: motor, visual processing, executive processing, auditory/language, basic social skills, and complex cognition tasks. They found alterations in frontal-parietal circuitry, along with temporal or basal-ganglia structures, across tasks. They also conducted separate child and adult analyses for auditory/language, basic social, and complex social cognition tasks, but were unable to directly compare these groups via subtraction contrast as in our present study. 10 We Nickl-Jockschat et al. used a slightly different approach to conduct a structural MRI ALE meta-analysis, visually exploring the relationship between age and areas of significant volume change from modeled anatomical effects maps for 16 included studies using SPM software. 35 Thus, our data address an important need to begin to look at developmental differences in functional neural activity in children and adults with ASD.
Regarding our social task ALE meta-analysis, we note that children with ASD have less activation than adults with ASD in the para-hippocampal gyrus and hippocampus, along with STG. Altered hippocampal neural function and structure may have some specificity to ASD children, as one study has shown that ASD children had significantly less activation in the hippocampal gyrus than either children with attention-deficit/hyperactivity disorder (ADHD) or TDC participants during a visual attention task. 36 Another found corroborated hippocampal alterations associated with ASD, in this case using structural MRI to demonstrate that children with autism-both with and without mental retardation-had larger right hippocampal volume than TDC children, even after controlling for total cerebral volume. 37 Still others suggest that these hippocampal abnormalities may play a role in visual abnormalities associated with ASD, including reduced eye contact and avoidance of the emotionally communicative face areas (eyes, mouth). 38, 39 For example, participants with ASD have aberrant hippocampal-fusiform pathway white matter neural connectivity, as measured by diffusion-tensor tracking, 40 and also have significant left versus right hippocampal asymmetry linked to the laterality of visual perception. 41 Moreover, Monk et al. demonstrated that participants with ASD had abnormal resting-state task-independent fMRI neural connectivity between the right posterior cingulate and right para-hippocampal gyrus that was, in turn, associated with repetitive, restricted behaviors. 21 Thus, our work suggests the need to identify treatments, both medication and psychotherapy, that might engage this circuit as a potential brain-based treatment for social skills deficits in ASD.
Regarding nonsocial tasks, our data indicated that children with ASD have significantly greater hyperactivation in the right insula and middle frontal gyrus (BA 46) and left cingulate gyrus compared to adults with ASD. During nonsocial tasks, the prior ALE meta-analysis by Di Martino et al. demonstrated hypoactivation in the rostral ACC among ASD versus TDC participants, but they were not able to examine child versus adult differences. 8 Several studies have shown the insula's involvement in ASD, including another study by Di Martino et al. showing that greater anticorrelation in resting state fMRI data between the insula and ACC was associated with greater ASD traits as rated on the Social Responsiveness Scale among TDC adults. 42 With respect to the middle frontal gyrus, many PFC regions in combination with both temporal and parietal cortex have been implicated in the pathophysiology of ASD. 20, 43 Such neuroimaging findings have been linked to physical examination findings, such as increased head circumference and post mortem neuropathology, to suggest that early brain overgrowth may play a role in the pathophysiology of ASD. 28, 30, 31, 33, [44] [45] [46] Our data from nonsocial, social, and the aggregate of these tasks seems to align with that body of work.
Albeit highly speculative, our study has several potential clinical implications. First, using ALE meta-analytic methods to aggregate data from 535 child and 604 adult participants, we have improved power and generalizability, to identify candidate brain regions that may differ between children and adults with ASD. Researchers can build on this work, using their particular cognitive or emotional tasks to probe how ASD affects the underlying neurocircuitry and how it changes as patients with ASD age. Such information could, in turn, lead to novel brain-based treatments for ASD, such as the development of computerassisted cognitive remediation for social skills deficits in ASD that might engage the fusiform DICKSTEIN et al.
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www.jaacap.org gyrus and related networks and improve functioning in ASD youths. Similar approaches-that is, using computer-assisted training to build cognitive or emotional skills shown to be impaired in a particular psychiatric illnesshave shown promise in several conditions, including depression and anxiety disorders. 47, 48 In addition, pharmacoimaging studies, that pair neuroimaging with medication treatment trials, may use these candidate brain regions useful either in identifying novel treatments or in measuring the neural effects of current treatments for ASD. Future studies are also needed to determine whether these alterations are specific to ASD compared to those with other forms of psychopathology, such as disorders whereby irritability may be an associated symptom-that is, ADHD or bipolar disorder.
Our study has several potential limitations inherent in coordinate-dependent meta-analysis, including the possible role of publication bias, as we could include only published studies. Also, using other search terms might have yielded additional studies. To address this concern, we corroborated our initial PubMed search with a separate PsycInfo search, yielding only two additional child and two additional adult studies. Also, we tried to minimize sample overlap and to avoid double-counting manuscripts from the same research group by checking that they either reported data from different paradigms or different participants (e.g., different sample size or demographic variables such as age or IQ). We also excluded studies using neuroimaging methods other than task-based fMRI, such as structural MRI, diffusion tensor imaging, or neural connectivity. The rationale for this was that ALE methods enable meta-analyses within a particular type of imaging, but their validity in cross-platform approaches remains unknown at the present. We also excluded some studies that did not report their data in standardized space coordinates, a requirement for ALE and other CDMA techniques such as multi-level kernel density mapping analysis (MKDA) and signed differential mapping (SDM) 9 . With respect to these alternative methodologies, we selected ALE because it allowed us to build on prior ASD studies and to leverage new subtraction contrasts to examine the role of development in fMRI activity. Future studies might use MKDA or SDM, or use megaanalyses-whereby raw neuroimaging data are pooled across studies and sites and reanalyzed-as an alternative meta-analytic approach to examine functional neural activation across studies. 49 Such a mega-analysis might benefit from our present ALE study because our study will inform what key brain regions to focus on, thus reducing susceptibility to multiple comparisons problems. Finally, our study uses cross-sectional data, comparing child and adult studies to evaluate potential developmental effects in task-related brain activity in ASD, requiring future corroboration from longitudinal fMRI studies.
We also note that some findings turned out to be significant in the developmental contrasts that were not significantly different in pairwise comparisonsthat is, post-central gyrus findings in social task meta-analysis. It is possible that this is a true finding-highlighting a strength of ALE methods to model the foci from published studies as probability distributions the width of which is based on empirical estimates of the spatial uncertainty because of the between-subject and betweentemplate variability of neuroimaging data, and then to determine the convergence of foci reported from different experiments. Moreover, recent improvements now address potential for false-positive results and multiple-comparisons problems by new approaches for correcting the familywise error rate and the cluster-level significance. 13 It is also possible that this post-central gyral finding is a type I error. Therefore, we have chosen to focus our discussion on less ambiguous results.
Finally, although some studies note high rates of intellectual disability in children with ASD, we note that the constituent child and adult studies from our meta-analyses included participants whose IQ was average. For example, Charman et al. evaluated an epidemiological sample of 75 children with ASD and found that 55% had an intellectual disability (i.e., IQ o 70), but only 16% had a moderate to severe intellectual disability (i.e., IQ o 50). 50 This may be an inherent issue in fMRI studies that require the capacity to understand the instructions related to a cognitive task in an MRI scanner, and to execute the instructions, despite noise from radiofrequency pulses, relatively small spaces, and stimulus-response devices. It is possible that task-independent resting state fMRI studies may be able to partially address this issue, as no task is required although participants must still understand detailed instructions and remain still in the MRI scanner. In sum, our ALE meta-analysis of taskdependent fMRI data from 535 child and 604 adult participants supports the position that functional neural alterations associated with ASD are not static but, rather, change as children become adults. Building on this work, future longitudinal neuroimaging studies are required to prospectively examine these changes, ultimately leading to a more brain-based approach to the diagnosis and treatment of ASD. &
SUPPLEMENT 1
Aggregating social and nonsocial task studies, activation likelihood estimation (ALE) metaanalyses of child-only studies showed significantly greater activation in autism spectrum disorder (ASD)-child versus typically developing control (TDC)-child studies in areas including the bilateral insula (Brodmann area [BA] 13) and left superior parietal lobule (BA 7). In contrast, we found significantly greater activation in TDC-child versus ASD-child studies in areas including the right superior temporal gyrus (BA 22), caudate, and fusiform gyrus as well as bilateral amygdala.
ALE meta-analyses of adult-only studies demonstrated significantly greater activation in ASD-adult versus TDC-adult studies in regions including the right para-hippocampal gyrus/ amygdala and medial frontal gyrus (BA 9), plus the left pre-central (BA 6) superior temporal gyri (BA 41). In contrast, we found significantly greater activation in TDC-adult studies versus ASDadults in regions including the left culmen and post-central gyrus.
Directly comparing child-only to adult-only findings showed that the convergence of hyperactivation in ASD children was significantly greater than the convergence of hyperactivation in ASD adults (both versus TDC) in areas including the right insula (BA 13), middle (BA 46), and inferior frontal gyri (BA 9 and 8), precuneus, and inferior frontal gyrus (BA 9), as well as the left medial frontal gyrus (BA 6). In contrast, convergence of hypoactivation in ASD children was significantly greater than the convergence of hypoactivation in ASD adults (both versus TDC) in the right caudate and parahippocampal gyrus and amygdala, as well as the left inferior frontal gyrus. There were no areas where the convergence of hyper or hypoactivation in ASD adults was significantly greater than hypoactivation in ASD children (both versus TDC) (see Figures S1 and S2 and Table S2 , available online).
In this online supplement, we also include images for our pairwise results from our social ( Figure S3 , available online) and nonsocial ( Figure  S4 , available online) analyses. ASD fMRI DEVELOPMENTAL META-ANALYSIS
